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SOLID OXIDE MEMBRANE (SOM) PROCESS FOR YTTERBIUM AND 
SILICON PRODUCTION FROM THEIR OXIDES 
YIHONG JIANG 
Boston University, College of Engineering, 2015 
Major Professor: Uday B. Pal, Ph.D., Professor of Mechanical Engineering,  
                 Professor of Materials Science and Engineering 
ABSTRACT 
The Solid oxide membrane (SOM) electrolysis is an innovative green technology that 
produces technologically important metals directly from their respective oxides. A yttria-
stabilized zirconia (YSZ) tube, closed at one end is employed to separate the molten salt 
containing dissolved metal oxides from the anode inside the YSZ tube. When the applied 
electric potential between the cathode in the molten salt and the anode exceeds the 
dissociation potential of the desired metal oxides, oxygen ions in the molten salt migrate 
through the YSZ membrane and are oxidized at the anode while the dissolved metal cations 
in the flux are reduced to the desired metal at the cathode. Compared with existing metal 
production processes, the SOM process has many advantages such as one unit operation, 
less energy consumption, lower capital costs and zero carbon emission. Successful 
implementation of the SOM electrolysis process would provide a way to mitigate the 
negative environmental impact of the metal industry.  
Successful demonstration of producing ytterbium (Yb) and silicon (Si) directly from their 
respective oxides utilizing the SOM electrolysis process is presented in this dissertation. 
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During the SOM electrolysis process, Yb2O3 was reduced to Yb metal on an inert cathode. 
The melting point of the supporting electrolyte (LiF-YbF3-Yb2O3) was determined by 
differential thermal analysis (DTA). Static stability testing confirmed that the YSZ tube 
was stable with the flux at operating temperature. Yb metal deposit on the cathode was 
confirmed by scanning electron microscopy (SEM) and energy dispersive x-ray 
spectroscopy (EDS). During the SOM electrolysis process for silicon production, a fluoride 
based flux based on BaF2, MgF2, and YF3 was engineered to serve as the liquid electrolyte 
for dissolving silicon dioxide. YSZ tube was used to separate the molten salt from an anode 
current collector in the liquid silver. Liquid tin was chosen as cathode to dissolve the 
reduced silicon during SOM electrolysis. After electrolysis, upon cooling, silicon crystals 
precipitated out from the Si-Sn liquid alloy. The presence of high-purity silicon crystals in 
the liquid tin cathode was confirmed by SEM/EDS. The fluoride based flux was also 
optimized to improve YSZ membrane stability for long-term use. 
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1 INTRODUCTION 
1.1 Background Information 
1.1.1 Rare Earth: General Information and Current Status & Challenges 
(Illustration: Yb Production) 
By definition, rare earth refers to the rare earth elements that are listed in the periodic table, 
most of which are in the lanthanide series. An alternate definition of rare earth is rare 
minerals that contain rare earth elements. Rare earth metals are commonly found mixed 
together in the Earth’s crust. Rare earth metals have drawn increasing attention from year 
to year due to their applications in various advanced technologies, including: electronic 
devices, health care, communications, transportation, and national security. A specific 
example is Lanthanum, which is mainly used in special optical glasses such as infrared 
absorbing glass and telescope lenses. Neodymium is used to make the strongest permanent 
magnets, which are indispensable components for aircrafts, vehicles, and even 
microphones. Ytterbium, named after the Swedish village where it was found, is very 
important to modern medical devices, and can also be used to make the world’s most stable 
atomic clock. The worldwide demand for rare earth metals will only continue to soar in the 
following years. 
While abundant, rare earth elements are only found in a few countries. These countries are 
China, Canada, India, Malaysia, Australia, USA, and Brazil. Of the listed countries, China 
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is the largest producer of rare earth elements. In 2010, China provided more than 95% of 
the global supply of rare earth elements [1], [2].  
The conventional steps of rare earth production include mining, refining and disposal. 
Many environmental concerns are associated with these steps. The manufacturing process 
for rare earth metals used in magnets generates large amounts of pollutants and is very 
economically and energetically expensive [3]. The process involves the use of disposable 
graphite pots that only last a couple of weeks, which limits continuous production and 
increases capital cost. The use of this pot also introduces carbon impurities into the product. 
Since a low carbon content is essential for the strongest magnets, expensive hand casting 
and analysis followed by purification is needed for each ingot batch produced. Furthermore, 
in today’s rare earth production furnaces, toxic perflurocarbons (PFCs) emission occurs as 
a result of using vertical carbon anodes and fluoride salts [4] . Green production of rare 
earth metals is thus absolutely essential for the continued growth of clean energy and 
energy efficiency technologies. 
For illustration, consider the production of ytterbium.  Because ytterbium is always found 
with other lanthanides, its production needs to begin with dissolution of the original mined 
minerals into various acids, such as sulfuric acid. Once dissolved, ytterbium can be 
separated from the other lanthanides through ion exchange. Another option is reduction 
with sodium amalgam, which includes multiple steps that use acids and large amounts of 
energy in the final heating step under high vacuum conditions. Considering the complicated 
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procedures and hazards used in current production processes, it is essentially important to 
develop a simple method to produce ytterbium in a cost-effective and green way. 
 
1.1.2 Silicon: General Information and Current Status & Challenges in Si 
Production 
Photovoltaics (PV) generate electrical power by using solar cells, and dramatically reduce 
the emissions of greenhouse gases (GHG). From 2006 to 2011 PV was the fastest growing 
of all renewable technologies with operating capacities increasing an average of 58% 
annually [5]. However, the cost of manufacturing solar-grade silicon (SoG-Si) for high-
efficiency solar energy production represents a major barrier to achieving the industry goal 
of solar power at a cost of $1/Wp (watt at peak exposure) which would enable widespread 
grid parity [6]. The current contract price of silicon to PV manufacturers is $50-$60/kg, 
with the spot market in 2007-2008 showing prices as high as $300/kg [6]. This makes the 
development of low cost, environmentally friendly manufacturing of high purity silicon 
very important. 
Currently, over 90% of silicon produced requires a purification process which involves 
chlorination, distillation and chemical vapor deposition, after metallurgical-grade (MG) Si 
is manufactured by carbothermic reduction of high-purity silica. This process, known as 
the Siemens process [4], includes multiple steps, has low capital utilization, is extremely 
energy-intensive, and produces a much higher product purity (10 to 11 nines) than what 
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the solar cells need (6 nines) [7], [8]. In order to reduce the high cost of silicon production, 
several alternative methods of silicon production are in development, some of which have 
achieved varying levels of success. These include, among other methods, reduction 
processes in fluidized bed reactors, carbothermic reduction of high-purity silica [9], 
slag/crystal refining [10] and liquid silicon electrorefining [11]. However, these methods 
have disadvantages: expensive raw materials pre-processing, detrimental environmental 
impact, substantial energy requirements and relatively low yields. In face of these 
limitations, it is critical to find a way to produce silicon in a green but cheap way.  
 
1.2 SOM Electrolysis for Metals Production 
The high consumption of fossil fuel resources and generation of pollutants has been one of 
the most pressing concerns in the metals industry. In order to mitigate the negative 
environmental impact of this important industry, a cost-effective solid oxide membrane 
(SOM)-based electrolysis process for the production of technologically important metals 
has been invented and developed. SOM-based electrolysis technology is able to produce 
metals from their respective oxides by a direct electrolysis reaction: MOx → M (cathode) 
+ x/2 O₂ (anode). Considering the metal production value chain from mined ores  ore 
concentrates  oxides  metals  alloys  finished products, the most energy-intensive 
step is normally the oxide to metal conversion. SOM technology provides three advantages 
over other existing metal production processes: lower cost, lower energy consumption, and 
lower emissions. Because SOM technology consumes less energy, it reduces costs and 
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unwanted emissions—something that is crucial and attractive for commercialization. As 
the regulations on CO2 and other greenhouse gases emissions (GHG) around the world 
increase in the future, those advantages would make SOM-based electrolysis technology 
more competitive and feasible in comparison to other traditional methods in terms of 
producing technologically important metals in an environmental friendly and sustainable 
way.   
 
 
Figure 1.1: Schematic of generic SOM electrolysis process for metals production 
A typical SOM-based electrolysis process involves applying a low electric potential to 
reduce impurity oxides and a high electric potential to reduce the desired metal oxide from 
a molten halide flux. This process employs a solid oxygen-ion conducting membrane, such 
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as stabilized zirconia, to selectively transport the oxygen ions out of the molten flux. The 
schematic of the generic SOM electrolysis process is illustrated in Figure 1.1. The cathode 
is immersed in the flux, while an inert anode with a current collector is placed inside a one-
end-closed oxygen-ion conducting solid oxide membrane (SOM) tube, which is made of 
yttria-stabilized zirconia (YSZ). The closed end of the YSZ tube with the anode assembly 
is also immersed in the flux. When the applied electric potential between the cathode and 
anode exceeds the dissociation potential of the metal oxide in the flux at the elevated 
operating temperature (800-1300 °C), the desired metal is reduced at the cathode while the 
oxygen ions migrate through the YSZ tube and are oxidized at the inert anode. This process 
also produces pure oxygen gas as a value-added byproduct. 
 
1.3 Scope of this dissertation 
The previous discussion reviewed the current status and challenges of rare earth (Yb) and 
Si. The increasing demand for Yb and Si is the driving force for this research leading to 
the development of cost-effective and environmentally friendly method for the production 
of Yb and Si from their oxides. The main objective of this dissertation is to present an 
innovative approach to metal production. 
This dissertation includes 4 chapters. The first chapter is the introduction of rare earth (Yb 
specifically) and Si. In chapter 2, SOM electrolysis experiments for Yb production are 
described and the results are discussed. In chapter 3, the SOM process for Si production is 
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described and discussed in four parts: 1) cathode materials selection 2) results from SOM 
experiments with fueled anode, and the optimization of liquid electrolyte 3) results from 
SOM experiments with optimized liquid electrolyte and inert anode. In chapter 4, the 
electrochemical model for Si and O2 production is described and discussed. Finally, chapter 
5 summarizes the work of SOM processes for Yb and Si production, respectively.  
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2 SOM PROCESS FOR RARE EARTH METAL PRODUCTION: 
Ytterbium 
2.1 Experimental Setup 
 
Figure 2.1: Schematic of the SOM experimental setup for Yb production with a C 
rod immersed in the liquid tin anode 
The electrodes used in the SOM process for Yb production were a 304 stainless steel tube 
as the cathode and tin (Sn) metal shot in the YSZ tube as the anode.  In one experiment, 
the anode was purged with 100% pure hydrogen gas through a molybdenum (Mo) tube, 
while another experiment was performed using a carbon (C) rod immersed in tin metal 
with no gas flow.  Both cases established a low oxygen partial pressure (𝑃𝑂2) through 
reaction of the hydrogen or the carbon with the oxygen ions migrating through the 
membrane (see Figure 2.1). The low 𝑃𝑂2 inside the YSZ tube prevented oxidation of the 
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tin anode. When the C rod was immersed in the molten tin, carbon-monoxide (CO) 
evolution provided a means for quantifying the amount of oxygen gas (O2) evolved, both 
by measurement of the gas flow rate and the weight change of the carbon rod. The 
schematic of the experimental setup with the carbon rod is shown in Figure 2.1.  
 
2.2 Liquid Electrolyte Design 
 
Figure 2.2: Phase diagram of LiF-YbF3 [12]. 
10 
 
In order to determine the solubility of ytterbium oxide (Yb2O3) in liquid electrolyte, various 
amounts of Yb2O3 (as shown in Table 2.1) were mixed with the eutectic composition (see 
Figure 2.2) of lithium fluoride-ytterbium trifluoride (LiF-YbF3) powder (21 w% LiF and 
79 w% YbF3).  
Table 2.1: Specific compositions of LiF-YbF3-Yb2O3 flux 
NO. of 
flux 
Amounts of LiF-YbF3  
70%-30% 
Mole percentage 
Amounts of 
Yb2O3 
Weight 
percentage of 
Yb2O3 
Mole 
percentage of 
Yb2O3 
1 2.50 g 0 g 0.0 % 0.0 % 
2 2.50 g 0.05 g 2.1 % 0.5 % 
3 2.50 g 0.09 g  3.5 % 0.8 % 
4 2.50 g 0.14 g 5.4 % 1.2 % 
5 2.50 g 0.28 g 11.1 % 2.4 % 
6 2.50 g 0.38 g 15.0 % 3.2 % 
 
 
Figure 2.3: Schematic of experimental setup for LiF-YbF3-Yb2O3 flux preparation 
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The mixed flux powder (LiF-YbF3-Yb2O3) was placed overnight in the ball mill. 
Subsequently, it was placed in a graphite crucible and loaded into a furnace (see Figure 
2.3). To ensure homogeneity, the mixed flux powder was heated to 1100 °C and held for 4 
hours in an inert gas environment (Ar gas). Then the graphite crucible was quickly removed 
from the hot zone to quench the flux. Once the furnace was cooled, the flux sample was 
sectioned, mounted and polished for characterization. The same procedure was applied to 
all 6 different flux samples’ preparation. 
It was assumed that uniformity of Yb2O3 distribution in the quenched flux sample would 
indicate its solubility. In order to acquire the Yb2O3 distribution information, each flux 
sample was sectioned and analyzed by Wavelength-dispersive spectroscopy (WDS) and 
Optical microscopy. 
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Figure 2.4: (a-b) WDS images of flux samples with different amounts of Yb2O3; (c-d) 
quantitative analysis of different samples. 
WDS analysis of the quenched flux samples revealed two distinct phases, one that was 
Yb2O3 rich, and the other Yb2O3 poor. The distributions of Yb and O in each of the phases 
were obtained using WDS. Figure 2.4 shows the WDS results of a 5.5 wt% Yb2O3 sample 
and a 15 wt% Yb2O3 sample. Based on the WDS analysis, it was found that the light phase 
(shown in the WDS images) was the Yb rich and could represent the Yb2O3 rich phase. 
That is, the distribution of the Yb rich phase would an important factor in understanding 
the homogeneity of each flux sample.     
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Figure 2.5: Optical images of 6 different flux samples. 
Each flux sample was sectioned and analyzed via optical microscopy. Figure 2.5 shows 6 
optical images of flux samples with different amounts of Yb2O3 added. In order to obtain 
statistical data, 5 different locations on the flux sample (as shown in Figure 2.6) were 
chosen to be analyzed. For each flux sample 5 optical images were taken. Image J was used 
to calculate the area percentage of light phase, which is the Yb rich phase, in each optical 
image.   
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Figure 2.6: Side view of flux sample’s cross-section. # 1, 2, 3 represent locations from 
top to bottom of the sample in a vertical direction. # 4 and 5 are the locations of right 
and left of the sample.  
 
 
Figure 2.7: Distribution of Yb rich phase in 6 different flux samples. 
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In Figure 2.7, the area percentage of Yb rich phase was plotted as a function of its location 
in each flux sample. To better understand the uniformity of the Yb rich phase in each flux 
sample, the average and standard deviation of the area percentage of the Yb rich phase in 
each flux sample were calculated and plotted as a function of Yb2O3 additions in the flux 
sample (as shown in Figure 2.8). The average area percentage of the Yb rich phase 
increased as the amount of Yb2O3 added into the flux sample increased. A small standard 
deviation was calculated for the sample with 0 w% Yb2O3, indicating a well-mixed LiF-
YbF3 flux sample without any Yb2O3. For the fluxes with Yb2O3 contests of 2.1 w%, 3.5 
w%, 5.4 w% and 11.1 w%, the standard deviation values were within 1.0 to 2.5, indicating 
the homogeneity of the Yb rich phase in those samples. However, the 15 w% Yb2O3 flux 
sample had a much larger standard deviation (5). The large standard deviation indicated 
that concentrations of Yb2O3 varied in different regions of the sample. When the amount 
of added Yb2O3 exceeds the solubility limit in the eutectic mix of LiF-YbF3, the excess 
amount of Yb2O3 can cause segregation at different locations of the flux sample, leading 
to a large standard deviation in the analysis.   
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Figure 2.8: Average area % of Yb rich phase and standard deviation of each flux 
sample. 
Based on this analysis, it was determined that the maximum solubility of Yb2O3 in the flux 
is between 11 wt% and 15 w%.  
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Figure 2.9: Schematic of TGA-DTA measurements 
Each flux was examined by differential thermal analysis - thermo-gravimetric analysis 
(DTA-TGA), during which the temperature was gradually cycled above the melting point 
of Yb (819 °C), to determine the solubility of Yb2O3 in the flux and the melting point of 
the flux (see Figure 2.9). The DTA-TGA result for the 11 wt% Yb2O3 flux sample is shown 
in Figure 2.10, which shows the liquidus at 697.92 °C.  
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Figure 2.10: DTA-TGA for the 11wt% Yb2O3 flux sample, indicating the melting 
point of the flux sample. 
 
2.3 YSZ Membrane Stability 
In order to confirm that YSZ tube was compatible and stable in the LiF-YbF3-Yb2O3 flux 
during the SOM process, a stability test was completed in which a YSZ tube was 
submerged in the flux and heated to the SOM operating temperature for six hours– longer 
than the expected operating time for the preliminary SOM experiments. In another stability 
test, Yb metal, flux and the stainless steel crucible were also heated together for six hours 
to ensure that a pure Yb product could be produced. These tests were performed in a very 
low oxygen partial pressure (𝑃𝑂2) environment by purging the setup with forming gas (5% 
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H2–Ar). After the stability tests, YSZ membrane was sectioned and analyzed by optical 
microscope. As shown in Figure 2.11, there was no visible cracks observed in the optical 
images.   
 
Figure 2.11: Optical images of YSZ membrane before and after the stability test.  
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2.4 SOM Electrolysis Process 
Before each SOM experiment was performed, excess Yb metal was added to the flux and 
heated to 860°C for four hours to convert the YbF3 to YbF2.  The conversion of the YbF3 
to YbF2 was confirmed using x-ray diffraction (XRD) as shown in Figure 2.12. 
Subsequently, during SOM electrolysis, the temperature was reduced to 800 °C, below the 
melting temperature of the Yb metal (819 °C).  A potential was applied between the tin 
anode in the YSZ (SOM) tube and the stainless steel cathode tube in order to reduce Yb 
metal on the cathode from the ytterbium oxide dissolved in the flux. Before the constant–
potential SOM electrolysis was performed to produce Yb metal from the LiF-YbF2-Yb2O3 
flux, a potentiodynamic scan (PDS) was performed to determine the dissociation potential 
of ytterbium oxide.  
 
Figure 2.12: XRD of flux sample after stability test 
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2.5 Electrochemical Measurements and Analysis 
SOM experiments yielded a Yb deposit on the 304 stainless steel cathode tube. The anode 
reaction differed depending on whether a hydrogen or carbon rod was used. The value of 
the dissociation potential of ytterbium oxide was obtained employing potentiodynamic 
scans (PDS) with either hydrogen gas or a carbon rod in the anodic chamber (see Figure 
2.13).  
 
Figure 2.13: Potentiodynamic scan with either H2 gas (red) or a carbon rod (black) at 
the anode side 
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These results show that the dissociation potentials are consistent with the theoretical values 
for the dissociation of Yb2O3 (superimposed on the chart). With hydrogen as the anodic 
gas, the dissociation potential was 1.6 V and with carbon it was 1.5 V. Since the YSZ 
membrane separates the ionic flux (containing the ytterbium oxide) from the anode and 
conducts only O2- ions, it prevents ion cycling between the cathode and the anode, and 
reactions as shown below will not occur at the anode: 
      Yb2+  Yb3+ + e- (2-1) 
When the anode is purged with pure hydrogen gas the anode reaction results in oxidizing 
part of the hydrogen to water vapor.  When a carbon rod is used with no external gas flow 
CO is formed (see Figure 2.1). It is possible that no Yb is deposited at the cathode until all 
the Yb3+ in the flux is transformed to Yb2+. This may happen if the following reaction 
occurs spontaneously: 
      Yb + 2Yb3+  3Yb2+ (2-2) 
Therefore, during the potential sweep, this spontaneous reaction (Equation 2-1) may make 
it difficult to distinguish between the dissociation potentials of both Yb2O3 and YbO (see 
Figure 2.13). It is possible to apply potential sweeps during different stages of the 
electrolysis to try to determine the dissociation potentials of the different oxides (Yb2O3 
versus YbO). 
When the carbon rod was used in the anodic chamber, CO (g) evolution was measured 
during SOM electrolysis and the weight of the carbon rod was also measured before and 
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after the SOM experiment. The results were used to determine the current efficiency of the 
SOM process. 
 
Figure 2.14: Potentiostatic electrolysis (PS) and CO evolution 
Figure 2.14 shows the current and the corresponding CO (g) evolution during SOM 
electrolysis with an applied potential of 2.5V. Based on CO (g) evolution, the faradaic 
efficiency was calculated to be 63% and the efficiency based on the carbon weight loss 
measurement was determined to be 80%.  Figure 2.15 shows the carbon rod anode before 
and after the SOM experiment. 
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Figure 2.15: Carbon anode before and after SOM electrolysis 
  
2.6 Results and Discussion 
 
Figure 2.16: Optical micrographs of sectioned YSZ samples after SOM experiment 
for Yb production 
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Figure 2.16 shows the optical micrographs of sections of an as-received YSZ tube and the 
same YSZ tube after a SOM experiment. The comparison of the two sections in Figure 
2.16 shows no visible changes and indicates that the YSZ tubes are relatively stable in the 
flux at the operating temperature and applied potential. 
 
Figure 2.17: Yb metal deposit on the stainless steel cathode 
The Yb deposit on the stainless steel cathode after SOM electrolysis is shown in Figure 
2.17.  
 
26 
 
The deposit was sectioned and polished (see Figure 2.18) and chemically analyzed with 
energy dispersive X-ray spectroscopy (EDS).  
 
Figure 2.18: Sectioned, mounted and polished Yb deposit sample 
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Figure 2.19: X-ray maps of different elements confirming that the deposit is Yb 
The x-ray map of the deposit (see Figure 2.19) confirmed that the metallic deposit is pure 
Yb. 
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3 SOM PROCESS FOR SILICON PRODUCTION 
3.1 Cathode Selection 
A major challenge in silicon production is the presence of impurities. One way to address 
the need to reduce impurities is by modifying the SOM electrolysis process. Impurities that 
have higher electronegativities (compared to Si e.g., P, Sn, Ni, Fe, Ti, etc) can be 
preferentially deposited during a “pre-reduction” step with low cathodic overpotentials on 
a secondary cathode, such as Mo or W. Once the concentration of these impurities are on 
the order of ppm levels in the flux, the impurity-laden secondary cathode can be removed, 
and the cathodic overpotential can be carefully increased employing a liquid metal cathode 
(e.g. tin or aluminum). The reduced Si will then go into solution in the liquid metal cathode. 
The less electronegative impurities (compared to Si), e.g., Al, Ca, etc., will remain in the 
melt. This procedure will ensure that the impurity oxides of both more- and less-
electronegative impurities are not reduced along with silicon oxide (silica) and that 
relatively pure Si goes into solution (alloys) in the liquid metal cathode. The liquid alloy 
cathode can subsequently be withdrawn at a selected rate along a well-controlled 
temperature gradient to inhibit constitutional super cooling and promote bulk growth via 
directional solidification of Si.  The low solubility of other elements in the crystal structure 
of silicon will lead to inherent further refinement upon solidification. 
 
Any inert electronic conductor can be used as a current collector. In this work, we used a 
tungsten (W) rod. The current collector needs to be in contact with a cathode, selected from 
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a group of low melting metals/alloys (at the operating temperature), which has a finite 
solubility for silicon at the operating temperature and solely precipitates out silicon upon 
cooling after the SOM electrolysis. Such cathodes may be selected from a group of metals 
or their alloys: tin, aluminum, bismuth, etc. Tungsten is not an option because the tungsten 
silicide, which would be formed early on in the process, is insulating and would prevent 
further deposition of silicon on the current collector. Electrolysis would directly reduce and 
dissolve Si in the molten cathode. Once the electrolysis is complete, the cathode can be 
slowly cooled. The silicon will precipitate out due to the fact that there is no Si solubility 
in the cathode at lower temperatures (see Figure 3.1). Other impurities (P and B) will be 
left behind (see Figures 3.2-3.9). This methodology enables the production of pure silicon, 
free of contaminants. An inert gas bubbling tube (made of zirconia, W, Mo, etc.) can be 
used to stir the flux in order to lower the mass transfer resistance on the cathodic side of 
the SOM electrolysis cell. The inert gas can be Ar, He, or a mixture of both with trace 
amounts of Hydrogen.  
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Figure 3.1: Sn-Si phase diagram [13]. Red dashed line indicates the SOM operating 
temperature. 
 
 
Figure 3.2: Al-Si phase diagram [14]. 
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Figure 3.3: Bi-Si phase diagram [15]. 
 
 
Figure 3.4: Sn-P phase diagram [16].  
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Figure 3.5: Al-P phase diagram [17]. 
 
 
Figure 3.6: Bi-P phase diagram [18]. 
33 
 
 
Figure 3.7: Sn-B phase diagram [19]. 
 
 
Figure 3.8: Al-B phase diagram [20]. 
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Figure 3.9: Bi-B phase diagram [21]. 
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3.2 Fueled Anode 
 
Figure 3.10: Schematic of the SOM experimental setup for silicon dioxide 
electrolysis 
The schematic of the SOM experimental setup for SiO2 electrolysis is shown in Figure 3.10. 
A tungsten (W) rod surrounded by a YSZ tube sleeve was used as the cathode. This was 
immersed in the extended tin (Sn) cathode contained in a small zirconia crucible. Another 
YSZ tube was employed to bubble forming gas (5% H2-Ar) and stir the molten flux. In the 
SOM experiment, 100% pure hydrogen gas was passed through a molybdenum (Mo) tube 
dipped inside the liquid tin anode on the anode side. This generates a low 𝑃𝑂2 on the anode 
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side by reacting hydrogen with the oxygen ions migrating through the YSZ membrane [22], 
[23], [24]. The low 𝑃𝑂2 inside the YSZ membrane not only prevents oxidation of the liquid 
tin anode, but also facilitates the diffusion of oxygen ions through the membrane by 
increasing the oxygen chemical potential gradient across the membrane. This allows one 
to lower the electrical energy needed for the electrolysis.  
 
3.2.1 Liquid Electrolyte Design 
In order to electrolyze any oxide dissolved in the flux by the SOM process, the ideal flux 
must have the following features at the operating temperature: high ionic conductivity (>1 
S/cm), high oxide solubility (> 2 w%), low viscosity (<0.1 pa.s), low volatility (<10-6 g cm-
2sec-1), and little or no chemical interaction with the stabilized zirconia membrane (SOM) 
[25], [26],.z For silica electrolysis, the flux system can be based on halides, which contain 
cations that have lower electronegativity than silicon (such as magnesium, barium, calcium, 
lithium, etc.). In order to operate at the lowest possible temperature, the strategy would be 
to select a eutectic mix based on the flux system chosen. In order to lower interactions with 
the SOM (yttria-stabilized zirconia) membrane YF3 must be added to the flux in an amount 
that is sufficient to prevent the yttria from the membrane from going into solution in the 
flux. As an example, one may use the following flux composition: BaF2(76.8 w%)-
MgF2(15.2 w%)-YF3(5 w%)-SiO2(3 w%); the solvent flux has a eutectic point of 910 ˚C 
and the SOM electrolysis can be performed between 1000-1300 ˚C.  
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3.2.1.1 SOM Experiments and Membrane Stability 
3wt% silicon dioxide (SiO2) and 5w% yttrium fluoride (YF3) were added into a eutectic mix 
of magnesium fluoride-barium fluoride (MgF2-BaF2) powder (16.5 w% MgF2 and 83.5 w% 
BaF2). The well-mixed powders were heated to 1090 ˚C in a zirconia crucible to create a 
homogenous mixture of MgF2-BaF2-YF3-SiO2 flux, which served as the liquid electrolyte for 
the experiments. In order to produce Si directly from dissolved silicon dioxide in the flux, an 
electric potential was applied between the tin anode inside the SOM tube and the tin cathode 
in the zirconia crucible. Before the constant-potential SOM electrolysis was performed, a 
potentiodynamic scan (PDS) was performed to determine the dissociation potential of silicon 
dioxide. 
After SOM electrolysis, silicon crystal deposits were observed on the extended tin cathode. 
The dissociation potential of silicon dioxide obtained from the potentiodynamic scan (PDS) is 
consistent with the theoretical value for the dissociation of SiO2 as seen in Figure 3.11. 
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Figure 3.11: Potentiodynamic scan of a SOM experiment for Si production 
Once the applied electric potential between the cathode and anode exceeded the 
dissociation potential of SiO2, the oxygen anions (O
2-) started migrating through the YSZ 
membrane, reacting with pure hydrogen to form water vapor on the anode side. The half-
cell reaction occurring at the anode side is:  
      2O2- + 2H2 (g)  2H2O (g) + 4e- (3-1) 
At the same time, silicon cations (Si4+) migrate towards the cathode, where they are reduced. 
This half-cell reaction can be expressed by the following equation: 
      Si4+ + 4e- Si (3-2) 
The overall electrochemical reaction for this process is shown below:  
      SiO2 + 2H2 (g)  Si + 2H2O (g) (3-3) 
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Figure 3.12: Potentiostatic electrolysis scan of a SOM experiment for Si production 
In one SOM experiment, a static 2.0 V electric potential was applied between the anode 
current collector and liquid tin cathode. The potentiostatic electrolysis was performed for 
4.5 hours, the scan of which is shown in Figure 3.12. As shown in the scan, the current 
started at 0.6 (A) and gradually dropped to 0.5 (A) after 4.5 hour electrolysis. The decrease 
in current indicates a decrease of concentration of dissolved SiO2. Assuming 100% faradic 
efficiency, the theoretically amount of Si produced was 0.40 g. The amount of liquid tin 
cathode used in this experiment was 20 g, which was able to dissolve 0.45 g Si (maximum) 
at 1090 °C (see Figure 3.1). Considering the non-faradic portion in the total current, the 
liquid tin cathode didn’t reach its Si saturation limit at given experimental conditions.  To 
obtain large Si crystals, the Si-Sn alloy need to be saturated with produced Si at higher 
40 
 
temperature, which will allow the cooling process starts at the small slope of Si-Sn liquidus 
line (see Figure 3.1). 
During the SOM electrolysis process, the YSZ membrane remained functional and stable. 
However, a degradation layer was observed between the SOM membrane and the flux after 
the electrolysis process. In order to ensure the long-term SOM stability, YSZ membrane 
degradation in the flux was investigated in order to determine an optimum flux composition.  
 
3.2.1.2 Optimization of Membrane Stability 
The preliminary studies showed that silica dissolved in the flux attacked the Si-SOM 
membrane [27]. Figure 3.13 a shows a membrane after exposure to the silica containing 
flux. There are radial ‘inner cracks’ present in the ‘bulk’ of the membrane. These cracks 
stop at a porous layer at the exposed surface that is depleted in Y (Figure 3.13 b). We will 
refer to this as the yttrium depleted layer (YDL). The flux appeared to have penetrated into 
the grain boundary of the YSZ grains in the YDL layer, and the grains themselves were 
uniformly depleted in Y such that a cubic to tetragonal transformation occurred. The 
resulting volume expansion led to compressive stresses in the YDL and a corresponding 
tensile stress in the bulk YSZ which created the inner cracks. The propensity of YDL 
formation and hence inner crack formation increased with silica content in the flux and 
could be mitigated by increasing the YF3 content in the flux, presumably by decreasing the 
driving force of Y diffusion from the grains into the grain boundaries in the YSZ grains in 
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the YDL. Thus, the compositions of SiO2 and YF3 in the flux are important parameters in 
the flux design to avoid membrane degradation. 
 
Figure 3.13: (a) Cross-section of a YSZ membrane with inner cracks. (b) The cracks 
stop at a porous layer at the surface that is depleted in Y (YDL) [27]. 
It was found that, besides mechanical degradation by inner crack formation, yttria loss from 
YSZ also reduces the concentration of oxygen vacancies, and will degrade the performance 
of the SOM electrolysis for Si production by reducing the oxygen ion conductivity of the 
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membrane [28]. Therefore, it is crucial to prevent Y from diffusing out from the membrane 
and YDL from forming. The result from this stability test indicated that fluxes with lower 
silica content and higher YF3 content are best for membrane stability. However, lowering 
the silica content too much could make the availability of Si ions in the melt, the rate 
controlling step in the electrolysis process. Taking all considerations into account, a 2 wt% 
SiO2 with 15 wt%YF3 flux was chosen as the optimum flux composition for the SOM 
experiments.  
 
3.2.1.3 SOM Experiments with Optimized Liquid Electrolyte 
According to the YSZ stability test results, an optimized flux composition was proposed to 
be 2 wt% SiO2, 15 wt% YF3 and the balance, an eutectic mix of MgF2 and BaF2. Compared 
with previous flux composition, the SiO2 content was decreased from 3 wt% to 2 wt%, 
while the YF3 content was increased from 5 wt% to 15 wt%. In order to make a 
homogenous flux powder, 400 g powder of MgF2-BaF2-YF3-SiO2 was placed in a clean 
plastic bottle and put on the ball mill for overnight mixing. To avoid introducing potential 
impurities from flux pre-baking process in previous SOM experiment, the well-mixed flux 
powder was directly packed and compressed into the large zirconia crucible (shown as the 
yellow square in the experimental setup in Figure 3.14.) Two cylindrical slots (as shown 
in dashed lines) were pre-formed in the flux compact. The first slot was used for the 
placement of a small zirconia crucible to contain the tin cathode and W current collector. 
The second slot was used to insert the YSZ SOM membrane tube. The setup was then 
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encapsulated in a 304 stainless steel crucible and placed in the furnace. The furnace was 
gradually heated from room temperature to 1070 °C at a ramp rate of 3.5 C/min, under an 
inert forming gas (5% H2-Ar). Once the furnace reached target temperature, it was held for 
more than 2 hours to ensure homogeneity of the flux before electrochemical measurements 
were performed.  
 
Figure 3.14: Schematic of the SOM experimental setup with pre-formed cylindrical 
slots shown as dash lines. 
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An open circuit voltage (OCV) was measured between the tin anode inside the YSZ tube 
and the W rod current collector in the liquid tin cathode. The OCV served as an indicator 
to ensure contact between the YSZ membrane and the flux. Once the contact was confirmed, 
a potentiodynamic scan (PDS) was performed between cathode and anode to determine the 
dissociation potential of SiO2 dissolved in the optimized flux as presented in Figure 3.15. 
 
Figure 3.15: Potentiondyamic scan in a SOM experiment with optimized flux. 
The PDS result indicated that the dissociation potential was around 0.86 V, which was 
consistent with the theoretically calculated result (0.84 V) under the same operating 
45 
 
conditions. Then, a static potential was applied between the two electrodes to directly 
produce silicon from silica.  
 
Figure 3.16: Potentiostatic electrolysis scan of the SOM experiment with optimized 
flux. 
Figure 3.16 shows the potentiostatic electrolysis for silicon production in this SOM 
experiment. The starting current was around 0.24 A and then quickly dropped to 0.12 A. 
These values are much smaller than the current shown in a previous SOM experiment 
(Figure 3.12). Comparing the experimental setups of two experiments, the only difference 
was that the W current collector was fully covered by YSZ sleeve in this experiment. This 
was done in order to reduce the contact area between W rod and flux and thus reduce the 
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amount of tungsten silicide formation. However, this change also reduced the effective 
cathode area, resulting in a lower current. Before, the YSZ sleeve was immersed all the 
way down into the liquid tin cathode, the effective cathode area was about 150 mm2, and 
however, when the YSZ sleeve was inside of the liquid tin cathode, it reduced the surface 
area of liquid tin, reducing the effective cathode area by about 30 mm2. Given the same 
experiential conditions where the effective anode area was much larger than the effective 
cathode area, the effective cathode area becomes the governing factor in the current flow 
during SOM electrolysis. Considering that the current densities (current divided by the 
effective cathode area) in the two SOM experiment were similar, it is likely that the YSZ 
insertion into the liquid tin was the cause for the reduced current during electrolysis in this 
particular SOM experiment.  
After the electrolysis was completed, the system was cooled and the YSZ membrane was 
slowly removed prior to flux solidification. Figure 3.17 shows that no visible cracks can 
be found on the YSZ tube after the SOM experiment. In addition, Figure 3.18 (a-b) shows 
the cross-sectional analysis of YSZ membrane using SEM/EDS. No yttrium depletion or 
YDL formation was apparent from the line scan results. This indicates the potential for 
long-term operation with the optimized flux in this Si-SOM process. 
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Figure 3.17: Photo of YSZ membrane after 27 hrs SOM electrolysis experiment for 
Si production. 
48 
 
 
Figure 3.18: SEM images of the cross-section of the YSZ membrane. Image (b) has 
larger magnification than (a). The EDS line scans of O, Zr, F and Y are shown aside 
[27]. 
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3.2.2 Silicon Product Analysis 
 
Figure 3.19: SEM images of Si crystals found on the surface of tin cathode. 
EDS results confirmed that the crystals shown in the SEM images in Figure 3.19: SEM 
images of Si crystals found on the surface of tin cathode. are Si crystals. The Si deposits 
shown in Figure 3.19: SEM images of Si crystals found on the surface of tin cathode. were 
found on the surface of the extended tin cathode. 
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Figure 3.20: (a-b) SEM images of cross-section of tin cathode and (c-d) EDS element 
mapping of Si and Sn. 
When the tin cathode was liquid at the SOM operating temperature, some of the silicon 
produced dissolved in liquid tin due to the significant solubility of silicon in tin at that 
temperature (Figure 3.1).  During the cooling process, the solubility of silicon in tin 
decreased, and silicon crystals precipitated, which was confirmed by EDS element 
mapping of Si and Sn (Figure 3.20). 
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Figure 3.21: EDS result of the Si deposits 
The EDS result indicates that the silicon deposits are free from contaminants (see Figure 
3.21), at least to the resolution of the instrument. When it comes to the resolution of EDS, 
there are many factors that could affect the accuracy of EDS spectrum, such as the 
equipment design, detector design, noise from the amplifiers, and overlapping peaks during 
data acquisition. Compared to EDS, WDS utilizes X-ray diffraction on special crystals in 
a way to separate the raw data into wavelengths. In addition, WDS processes at a much 
higher resolution, around 5 eV, while the typical EDS resolution is only about 150 eV. In 
short, EDS on an SEM is designed to perform quick qualitative chemical analysis instead 
of quantitative analysis. A higher resolution instrument or technique (such as WDS or Mass 
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spectroscopy) will need to be employed in order to quantify the level of impurity in the Si 
deposit.       
 
Figure 3.22: Optical microscope photos of Si crystals, extracted by chemical etching. 
By using HCl as a chemical etchant, silicon crystals were successfully extracted from the 
extended tin cathode. The etched materials were rinsed with water and filtered using 
standard gravity filtration methods. The filtered solid was air-dried and analyzed without 
further treatment. Optical micrographs of some of these Si crystals are shown in Figure 
3.22: Optical microscope photos of Si crystals, extracted by chemical etching. 
.   
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3.3 Inert Anode 
It is critical to develop an inert anode and a current collector that does not react with O2 in 
order to produce pure O2 as a valuable byproduct. O2 gas can freely evolve in liquid silver 
at the operating temperature because the silver is electrically conductive and 
thermodynamically stable in oxygen. Therefore, non-consumable liquid silver is selected 
to serve as the inert anode and placed inside the one-end closed oxygen-ion-conducting 
SOM tube. In order to provide a good electrical connection between the liquid silver anode 
and the DC power supply, the inert anode current collector needs to be immersed in the 
liquid silver anode.   
 
There are three important properties that the inert anode current collector must have:  good 
physical and chemical stabilities in O2 and liquid silver at the operating temperature; 
excellent thermal shock resistance and mechanical robustness; and high electrical 
conductivity in temperatures ranging from ambient temperature (293 K) to the operating 
temperature. Many different options of material choice for the inert anode current collector 
were considered. Platinum, although oxidation resistant and electronically conductive at 
the operating temperature, dissolves in the liquid silver anode. Iridium has been reported 
to have served as an inert anode in molten oxide electrolysis as well as an inert anode 
current collector in SOM electrolysis for O2 evolution. Unfortunately, the large-scale use 
of Iridium is limited by its high price. Other materials worth considering are oxidation 
resistant steel, nickel alloys and refractory. Steels and nickel alloys rapidly oxidize at the 
operating temperature of SOM electrolysis. Refractory metals including niobium, 
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molybdenum, tantalum, tungsten and rhenium are also easily oxidized, and generally have 
significantly higher electrical resistance. All of these challenges provided motivation for 
the development of a cost-effective, high-performance, and eco-friendly inert anode 
current collector.  
 
Figure 3.23: Schematic of inert anode current collector [29]. 
A novel inert anode current collector design (see Figure 3.23) developed by Xiaofei Guan 
and others, has been successfully tested in SOM electrolysis process for magnesium 
production [29]. This current collector utilizes a piece of sintered strontium-doped 
lanthanum manganite (La0.8Sr0.2MnO3-δ or LSM) bar and an oxidation resistant Inconel 
alloy rod, which are connected by a liquid silver contact. LSM is one of the most 
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investigated air electrode materials in solid oxide fuel cells [30], [31], [32]. It is also 
therefore a material of choice for the inert anode current collector in SOM experiments 
because of its tolerance to high temperature and O2 environments while maintaining 
relatively high electrical conductivity and very low oxygen ion conductivity. Inconel alloy 
rod has an adequate high-temperature oxidation resistance and maintains high conductivity 
from room temperature to the operating temperature. The liquid silver contact wets both 
the LSM bar and the Inconel alloy rod and electrically connects them well. In this design, 
an open-ended alumina tube protected the Inconel rod from oxidation in the high-
temperature pure oxygen environment.  
 
A combination of alumina and LSM powders (referred to as alumina paste in Figure 3.24) 
formed a tight seal with the LSM bar preventing oxygen from entering the alumina tube. 
This design of the inert anode current collector takes advantages of the respective 
properties of the LSM bar, the Inconel alloy rod, and the liquid silver contact. It has been 
shown through many successful electrolysis experiments that the SOM tube with the inert 
liquid silver anode and the LSM–Inconel current collector arrangement can be employed 
to dissociate many metal oxides and produce oxygen gas as a valuable byproduct. 
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Figure 3.24: Photo of inert anode current collector [29]. 
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3.3.1 SOM Experiment with LSM-Inconel Current collector and Optimized 
Liquid Electrolyte 
 
Figure 3.25: Schematic of the SOM electrolysis setup with an LSM-Inconel inert 
anode current collector. 
Considering the advantages of the LSM-Inconel inert anode current collector and its 
successful application in magnesium production by SOM electrolysis process, it is of great 
interest to see if the inert anode can be employed in silicon production by SOM electrolysis 
and replace the previous fueled anode. Figure 3.25 shows the schematic of a SOM 
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electrolysis setup. The design is similar to previous experimental setup with fueled anode, 
except for the following primary differences: 
a). In this experiment, the flux composition used was a 2 w% SiO2, 15 w% YF3, and 83 w% 
eutectic mixture of BaF2-MgF2, which was based on the optimized composition of the flux. 
b). The YSZ sleeve was changed to an alumina tube. Unlike the previous design, the W 
rod is free from any direct contact with zirconia, which has a relatively low dissociation 
potential, so that the applied potential for electrolysis can be increased. 
c). The target operating temperature is now higher than the previous experiments, since 
silicon has larger solubility in liquid tin at higher temperature (see Figure 3.1). 
In SOM experiments with inert anode, before the static potential is applied, a potential 
sweep is performed to determine the dissociation potential of SiO2 (see Figure 3.26) 
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Figure 3.26: Potentiodynamic scan in SOM experiment for Si production. 
With the inert anode design, the dissociation potential of SiO2 was found at 1.6 V, which 
is consistent with the theoretical value (1.638 V), but higher than the measured value of 
other SOM experiment with fueled anode. When the static potential was applied between 
the inert anode and liquid tin cathode, the Si4+ ions were reduced at the cathode, and 
dissolved into the liquid tin cathode due to the solubility of Si in Sn at the operating 
temperature. The half-cell reaction can be presented as: 
 
        Si4+ + 4e- Si (Sn cathode) (3-4) 
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While at the inert anode side, O2- ions from the molten flux migrated through the YSZ 
membrane and were oxidized at the anode dissolving into liquid silver. After liquid silver 
was saturated with dissolved oxygen, oxygen gas evolves out of the liquid silver. The half-
cell reaction can be illustrated as follows: 
The overall cell reaction can be presented as: 
Once the electrolysis is completed, the furnace was slowly cooled at the rate of 1.5 C/min. 
Silicon deposits were found in tin cathode and analyzed by SEM/EDS. 
  
        2O2-  O2 (g) + 4e- (anode) (3-5) 
         SiO2  Si + O2 (g) (3-6) 
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3.3.2 Silicon Product Analysis 
Silicon crystals were found and extracted from the tin cathode using HCl as a chemical 
etchant. The SEM results (see Figure 3.27) and X-ray spectra from the surface (see 
Figure 3.28) confirmed the crystals as pure silicon.  
 
Figure 3.27: SEM images of Si crystals extracted from tin cathode 
 
 
Figure 3.28: X-ray Spectrum on the surface of Si crystal 
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4 Modeling of the SOM Electrolysis Process for Si Production 
4.1 Equivalent Circuit Modeling of the SOM Electrolysis Process 
4.1.1 Dissociation of Oxides in the Liquid Electrolyte 
In order to provide a scientific guide to the future work of the SOM electrolysis process for 
Si production, it is important to develop an equivalent circuit to model this process. During 
the SOM electrolysis process for Si production, an electric potential (~ 2.5V) is applied 
between the liquid tin cathode and the inert anode current collector and the dissolved the 
oxides that can be dissociated: ZrO2 and SiO2. Because the dissociation potentials depend 
on the experimental conditions, one SOM experiment, which operated at 1300 °C with the 
inert anode current collector, was used as an example here. In this experiment, Equation 
(4-1) was used to calculate the standard Nernst potentials for the dissociation of ZrO2 and 
SiO2, and the results are shown in the Table 4.1.  
where, 𝐸𝑁
0  is the standard Nernst potential; ∆𝐺𝑁
0 is the standard Gibbs free energy of the 
reaction; n is the number of moles of electrons transferred in the cell reaction; F is the 
Faraday constant, the number of coulombs per mole of electrons ( 96485 C mol-1).  
  
       𝐸𝑁
0 =
−∆𝐺𝑁
0
𝑛𝐹
 
(4-1) 
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Table 4.1. Standard Nernst potentials for oxides dissociations in SOM electrolysis. 
Cell Reactions Temperature (K) n ∆𝐺𝑁
0  (kJ) 𝐸𝑁
0  (V) 
SiO2 = Si + O2 (g) 1573 4 632 -1.638 
ZrO2 = Zr + O2 (g) 1573 4 804 -2.084 
The values of standard Gibbs free energy of each reaction were calculated based on HSC 
6.0TM Database [33].  
During the SOM process, the applied potential between the inert current collector and 
liquid tin cathode is around 2.5 V or above, which is higher than the dissociation potential 
of ZrO2. Under ideal conditions, the flux is fully ionic leading to a large electronic potential 
drop across the flux. This potential drop protects ZrO2 in the YSZ membrane from 
dissociating. In the SOM electrolysis experiment for Si production, no major impurity 
oxides were found, so the electronic resistance of the flux could be assumed to be close to 
infinity. When the electronic conductivity of the flux increases, the electric potential drop 
across the YSZ membrane increases. Once the electronic conductivity of the flux and the 
applied potential between electrodes are high enough, the electric potential drop across the 
YSZ membrane could be higher than the dissociation of ZrO2.  
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4.1.2 Equivalent Circuit of the SOM Electrolysis Process 
Similar to the modeling work by Guan et al, Krishnan et al and Gratz et al., an equivalent 
circuit of the SOM electrolysis for Si production is proposed in Figure 4.1. 
 
Figure 4.1: Equivalent circuit of the SOM electrolysis for Si production. 
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Table 4.2. Definitions of symbols used in the equivalent circuit of the SOM 
electrolysis for Si Production. 
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4.2 Equivalent Circuit Modeling of the SOM Electrolysis Process 
The electrochemical model of SOM electrolysis process for silicon and oxygen production 
is similar to the previous models proposed by Guan et al. [34] for magnesium and oxygen 
production. This electrochemical model includes following steps: 
a) Transport of  from the bulk flux ( ) to the flux/YSZ interface; 
b) Transport of  across the flux/YSZ interface; 
c) Transport of  from YSZ membrane to the YSZ/anode interface; 
d) Transport of  from the YSZ/anode interface to the bulk anode ( ); 
e) Electrochemical oxidation of at the YSZ/ anode interface ( ); 
f) Transport of   /other metal (impurity) ions from the bulk flux to the 
flux/cathode interface ( ); 
g) Electrochemical reduction of /other metal (impurity) ions at the flux/cathode 
interface ( ). 
 
The total applied potential 𝐸𝑡𝑜𝑡 can be expressed as follow: 
where |𝐸𝑁
𝑆𝑖𝑂2|is the absolute value of the Nernst potential for SiO2 dissociation, 𝜂𝑜ℎ𝑚 is the 
ohmic polarization, 𝜂𝑎𝑐𝑡 is the activation polarization, 𝜂𝑐𝑜𝑛𝑐,𝑐 is the cathodic concentration 
2O fluxO
2
fluxO
2
2O
2O aconc,
2O aact,
4Si
cconc,
4Si
cact,
       𝐸𝑡𝑜𝑡 = |𝐸𝑁
𝑆𝑖𝑂2| + 𝜂𝑜ℎ𝑚 + 𝜂𝑐𝑜𝑛𝑐,𝑎 + 𝜂𝑐𝑜𝑛𝑐,𝑐 + 𝜂𝑎𝑐𝑡 + 𝜂𝑜𝑣𝑒𝑟,𝑂2 
(4-2) 
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polarization, 𝜂𝑐𝑜𝑛𝑐,𝑎  is the anodic concentration polarization, and 𝜂𝑜𝑣𝑒𝑟,𝑂2  is the 
overpotential for O2 gas evolution at the anode/YSZ interface. 
 
4.2.1 Nernst Potential for SiO2 Dissociation 
In the SOM experiment, before a static electric potential was applied to produce Si, a PDS 
was performed at a very slow speed (5 mV/s), between the anode current collector and the 
liquid tin cathode. Assuming the scan was close to equilibrium state, the measured value 
at the deflection point of the current-potential curve (as shown in Figure 3.26) could 
represent the Nernst potential for SiO2 dissociation, which is |𝐸𝑁
𝑆𝑖𝑂2| in the model equation. 
In Figure 3.26, the measured value for |𝐸𝑁
𝑆𝑖𝑂2| is around 1.60 V. 
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4.2.2 Ohmic Polarization 
The ohmic polarization (𝜂𝑜ℎ𝑚) is dependent on the electrical conductivities of the flux, the 
YSZ membrane, the electrodes, the external lead wires, and the contact resistance among 
all the interfaces.  In this electrochemical model, the ohmic polarization of the SOM 
electrolysis cell could be described by following equation: 
       𝜂𝑜ℎ𝑚 = 𝑖𝑅𝑜ℎ𝑚 (4-3) 
where 𝑖 represents the current in the SOM electrolysis cell, and 𝑅𝑜ℎ𝑚 represents the total 
ohmic resistance of the cell. To measure the ohmic resistance of the SOM electrolysis cell, 
an AC high-frequency Electrochemical Impendence Spectroscopy (EIS) was performed 
between the anode current collector and the liquid tin cathode. In Figure 4.2, the ohmic 
resistance of the SOM electrolysis cell was measured to be 0.72 Ω. 
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Figure 4.2: Electrochemical impedance spectroscopy result before the electrolysis of 
Si production in the SOM experiment. 
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4.2.3 Activation Polarization  
The activation polarization (𝜂𝑎𝑐𝑡) represents the extra potential needed to overcome the 
activation energy barriers for electrochemical oxidation/reduction reactions at 
electrode/electrolyte interfaces. The Butler-Volmer equation was used to describe the 
relationship between the activation polarization 𝜂𝑎𝑐𝑡 and the cell current 𝑖 [35]: 
       𝑖 = 𝑖0𝑒𝑥𝑝 (
𝛼𝑛𝜂𝑎𝑐𝑡𝐹
𝑅𝑇
) − 𝑖0𝑒𝑥𝑝 [
−(1−𝛼)𝑛𝜂𝑎𝑐𝑡𝐹
𝑅𝑇
] (4-4) 
where 𝑖0 is the exchange current,  𝛼 is the transfer coefficient, 𝑛 is the number of electrons 
transferred, 𝐹  is the Faraday constant, and T is the operating temperature of the SOM 
electrolysis cell. Previous studies demonstrated that the charge transfer reaction at the 
interface between liquid metal electrode and the YSZ electrolyte is very fast [36], [37], 
[38], [39], so only the activation polarization at the cathode side need to be considered. The 
exchange current 𝑖0  measures the electrocatalytic activity of the electrode/electrolyte 
interface for specific electrochemical reaction, and its value varies with operating 
temperature and materials property [35]. Assuming a symmetric activation energy barrier 
for both electrode reactions, the transfer coefficient 𝛼=0.5. By substituting 𝛼=0.5 and n=4 
into Equation (4-4), the Bulter-Volmer equation becomes: 
       𝑖 = 𝑖0𝑒𝑥𝑝 (
2𝜂𝑎𝑐𝑡𝐹
𝑅𝑇
) − 𝑖0𝑒𝑥𝑝 (
−2𝜂𝑎𝑐𝑡𝐹
𝑅𝑇
) (4-5) 
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The equation above can also be rewrote in the form of a quadratic equation: 
      [𝑒𝑥𝑝 (
2𝜂𝑎𝑐𝑡𝐹
𝑅𝑇
)]
2
− (
𝑖
𝑖0
) [𝑒𝑥𝑝 (
2𝜂𝑎𝑐𝑡𝐹
𝑅𝑇
)] − 1 = 0 
(4-6) 
The solution for Equation (4-6) is as follow:   
      𝑒𝑥𝑝 (
2𝜂𝑎𝑐𝑡𝐹
𝑅𝑇
) = (
𝑖
2𝑖0
) + √(
𝑖
2𝑖0
)
2
+ 1 
(4-7) 
Then, the relationship between the activation polarization and the cell current can be 
described as follow: 
      𝜂𝑎𝑐𝑡 =
𝑅𝑇
2𝐹
𝑙𝑛 [(
𝑖
2𝑖0
) + √(
𝑖
2𝑖0
)
2
+ 1  ] 
(4-8) 
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4.2.4 Cathodic Concentration Polarization  
During the SOM electrolysis experiment, the mass transfer of SiO2 across the diffusion 
layer at the cathode surface resulted in the cathodic concentration polarization (𝜂𝑐𝑜𝑛𝑐,𝑐), 
which can be expressed by following equation: 
      𝜂𝑐𝑜𝑛𝑐,𝑐 =
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑎𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
0
𝑎
𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖) ] 
(4-9) 
where 𝑎𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
0  is the activity of SiO2 in the bulk flux, and 𝑎𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖)
 is the activity of 
SiO2 at the liquid tin cathode/flux interface under certain current density. Considering the 
flux is a Hernrian solution, Equation (4-9) can be expressed as follows: 
      𝜂𝑐𝑜𝑛𝑐,𝑐 =
𝑅𝑇
4𝐹
𝑙𝑛 [
𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
0
𝐶
𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖) ] 
(4-10) 
where 𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
0  and 𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖)
 are the concentrations of SiO2 in the bulk flux and the 
liquid tin cathode/flux interface, respectively. 
The diffusion of SiO2 at the liquid cathode surface is driven by the concentration gradient 
of SiO2. Based the assumption that the concentration gradient within the diffusion layer is 
linear, the diffusive flux of SiO2 at the liquid tin cathode surface can be described by Fick’s 
first law as follows: 
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𝐽𝑆𝑖𝑂2,𝑓𝑙𝑢𝑥/𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = −𝐷𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
𝑑𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
𝑑𝑥
= −𝐷𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖)
− 𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(0)
𝛿𝑐
 
 
(4-11) 
where 𝐷𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥) is the diffusion coefficient, and 𝛿𝑐 is the thickness of the diffusion layer 
at the cathode surface. 
Combining the diffusive flux of SiO2, 𝐽𝑆𝑖𝑂2,𝑓𝑙𝑢𝑥/𝑐𝑎𝑡ℎ𝑜𝑑𝑒 , and the current of the SOM 
electrolysis cell, 𝑖, results in: 
      𝑖 = 4𝐹𝐴𝑐𝐽𝑆𝑖𝑂2,𝑓𝑙𝑢𝑥/𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = −4𝐹𝐴𝑐𝐷𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
𝐶
𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖)
−𝐶
𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(0)
𝛿𝑐
 
(4-12) 
When 𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖)
=0, the mass transfer rate of SiO2 achieves the maximum, and the current 
also reaches the limit: 
      𝑖𝑙,𝑐 = 4𝐹𝐴𝑐𝐷𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
𝐶
𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(0)
𝛿𝑐
 
(4-13) 
where 𝑖𝑙,𝑐 is called the cathodic limiting current. 
The expressions for 𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(0)
 and 𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖)
 can be derived from Equation (4-12) and (4-
13): 
      𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(0)
=
𝑖𝑙,𝑐𝛿𝑐
4𝐹𝐴𝑐𝐷𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
 (4-14) 
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      𝐶𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
(𝑖)
=
(𝑖𝑙,𝑐−𝑖)𝛿𝑐
4𝐹𝐴𝑐𝐷𝑆𝑖𝑂2(𝑓𝑙𝑢𝑥)
 
(4-15) 
By substituting Equation (4-14) and (4-15) into Equation (4-10), the expression for the 
cathodic concentration polarization can be obtained as follows: 
      𝜂𝑐𝑜𝑛𝑐,𝑐 =
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑖𝑙,𝑐
𝑖𝑙,𝑐−𝑖
] (4-16) 
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4.2.5 Anode Overpotential for O2 Evolution 
When the applied electric potential exceeds the dissociation potential of SiO2, O
2- is 
transferred from YSZ membrane to the liquid silver. To form bubbles and leave the liquid 
silver as vapor, O2 partial pressure at the liquid silver anode/YSZ interface need to exceed 
1 atm, which is the air pressure above the liquid silver. The overpotential for O2 evolution 
represents the difference in O2 partial pressure at the liquid silver anode/YSZ membrane 
interface and above the liquid silver can be expressed as follows: 
      𝜂𝑜𝑣𝑒𝑟,𝑂2 =
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑎𝑂2(𝐴𝑔)
𝑏
𝑎𝑂2(𝐴𝑔)
(𝑖) ] =
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑃𝑂2(𝐴𝑔)
𝑏
𝑃𝑂2(𝐴𝑔)
(𝑖) ] =
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑃𝑂2(𝐴𝑔)
𝑏
1 𝑎𝑡𝑚
] 
(4-17) 
where 𝑎𝑂2(𝐴𝑔)
𝑏  and 𝑃𝑂2(𝐴𝑔)
𝑏  are the oxygen activity and oxygen partial pressure required for 
bubble formation, respectively; 𝑎𝑂2(𝐴𝑔)
(𝑖)
 and 𝑃𝑂2(𝐴𝑔)
(𝑖)
 are the oxygen activity and oxygen 
partial pressure at the liquid silver anode/YSZ membrane interface, respectively. 
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4.2.6 Current-Potential Relationship in Polarization Modeling 
The general relationship between the total applied potential and the cell current for the 
SOM electrolysis process for Si production can be obtained by substituting Equation (4-3), 
(4-8), (4-16), and (4-17) into Equation (4-2)   
      𝐸𝑡𝑜𝑡 = |𝐸𝑁
𝑆𝑖𝑂2| + 𝑖𝑅𝑜ℎ𝑚 +
𝑅𝑇
2𝐹
𝑙𝑛 [(
𝑖
2𝑖0
) + √(
𝑖
2𝑖0
)
2
+ 1  ] +
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑖𝑙,𝑐
𝑖𝑙,𝑐−𝑖
] +
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑃𝑂2(𝐴𝑔)
𝑏
1 𝑎𝑡𝑚
] 
 
(4-18) 
Equation (4-18) can be used to perform curve-fitting on the current-potential curve in the 
PDS measurement (see Figure 3.26). The results from curve-fitting are very helpful for the 
analysis of different polarization losses and quantify the unknown parameters in this model. 
 
4.2.7 Curve-Fitting of the Electrochemical Measurement  
Based on the PDS scan (see Figure 3.26), the dissociation potential for SiO2 was about 1.60 
V. The current at 1.60 V can be used as the baseline to calculate the net current, which is 
the difference between the measured current and the baseline current in the potential range 
of 1.60 V to 2.37 V. Since the mass transfer limit was not observed in the PDS scan, the 
Equation (4-18) could be simplified as follows:  
      𝐸𝑡𝑜𝑡 = |𝐸𝑁
𝑆𝑖𝑂2| + 𝑖𝑅𝑜ℎ𝑚 +
𝑅𝑇
2𝐹
𝑙𝑛 [(
𝑖
2𝑖0
) + √(
𝑖
2𝑖0
)
2
+ 1  ] +
𝑅𝑇
4𝐹
𝑙𝑛 [
𝑃𝑂2(𝐴𝑔)
𝑏
1 𝑎𝑡𝑚
] 
(4-19) 
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The values of the parameters used for the curve-fitting are: 𝑅𝑜ℎ𝑚=0.72 Ω (see Figure 4.2), 
T=1527 K, F = 96485 C mol-1, R = 8.314 J mol-1K-1. The exchange current, 𝑖0, and the 
oxygen partial pressure for bubble formation at the liquid silver anode/YSZ membrane 
interface, 𝑃𝑂2(𝐴𝑔)
𝑏 , were considered as The results of curve fitting are shown in the Figure 
4.3. The well fitted results validated the assumption that the concentration polarization term 
can be ignored in this model. Based on the curve fitting results, the exchange current, 𝑖0, 
was 6.344 A. In addition, the oxygen partial pressure for bubble formation at the liquid 
silver anode/YSZ membrane interface, 𝑃𝑂2(𝐴𝑔)
𝑏 , was calculated to be 1.22 atm, which 
justified the assumption that this value need to exceed 1 atm for oxygen bubble formation. 
 
Figure 4.3: Curve fitting of the measured applied potential and the net current. 
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Figure 4.4: The ohmic and activation polarization as a function of the net current. 
According to the curve-fitting results, the ohmic and activation polarization were 
calculated as a function of current. Figure 4.4 shows the contributions to potential loss from 
ohmic resistance and the charge transfer resistance at the cathode were about 80% and 20%, 
respectively. The portion from the anode overpotential for O2 gas evolution is much smaller. 
The results indicated that the performance of the SOM electrolysis process for Si 
production could be improved by reducing the ohmic resistance.  
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4.3 Suggestion for Future Work 
 
Figure 4.5: Proposed Experimental Setup for Coupling SOM Electrolysis with 
Directional Solidification. 
A schematic of the proposed experimental setup for coupling SOM electrolysis with 
directional solidification is shown in Figure 4.5. It consists of a one end closed solid-
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oxygen-ion conducting stabilized-zirconia (membrane) tube that separates the inert anode 
(liquid silver/Sr-doped lanthanum manganite-inconel current collector) [29] from the flux 
containing silicon oxide. The membrane (SOM) tube can be viewed as being part of the 
inert-anode structure. A stirring Mo tube in the flux will serve as a secondary cathode for 
more electronegative impurity oxide reduction. Liquid tin placed at the bottom of a boron 
nitride crucible and connected via a tungsten current collector will serve as the primary 
cathode for silicon reduction and dissolution. When the applied electric potential between 
the anode and cathode exceeds the dissociation potential of the oxides present, the 
corresponding metal cations will be reduced at the cathode. The oxygen ions will migrate 
through the membrane tube and oxidize at the anode, producing oxygen gas. The silicon 
reduction at the liquid tin cathode will produce a Si-Sn alloy. Near Si saturation (at the 
operating temperature), the electrolysis should be halted and the Si-Sn alloy should be 
withdrawn along a temperature gradient using a motor arrangement (as shown in Figure 
4.5) at a specified rate. The temperature gradient and the withdrawal rate needs to be 
controlled to obtain the desired directionally solidified SoG silicon; large temperature 
gradients, slow withdrawal rates and the small slope of the Si-Sn liquidus line (see Figure 
3.1) will favor bulk growth instead of constitutional supercooling. 
 
 Once the impurity and silicon reduction processes are characterized, electrolysis 
experiments can be performed for different lengths of time at various potentials above the 
dissociation potential of silica with the aim of achieving a current density between 0.5-1 
A/cm2. The potential increments for the electrolysis experiments can be 100 mV. The 
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resulting silicon-tin alloys can be withdrawn at various rates and temperature gradients. 
The resulting solidification structure needs to be analyzed in terms of the diffusivity and 
the slope of the liquidus line or the concentration difference of the elements between the 
solid and the liquid phases. For directional solidification of silicon: 
      
𝐺
𝑉
≤ ( 
𝐺
𝑉
)
𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
=
𝑚(𝐶𝑆𝑛 𝑖𝑛 𝑆𝑖−𝑆𝑛 𝑚𝑒𝑙𝑡−𝐶𝑆𝑛 𝑖𝑛 𝑆𝑜𝑙𝑖𝑑 𝑆𝑖)
𝐷
 (4-20) 
where G (K/m), V (m/s), m (K) and D (m2/s) are the temperature gradient, growth rate, 
liquidus slope of the Si-Sn phase diagram (figure 3.1), and the diffusion coefficient in the 
liquid alloy, respectively [35], [40]. 
The silicon obtained from each of the electrolysis experiments needs to be analyzed for 
purity and compositional gradient. The thermodynamic segregation of impurity elements 
(
𝑋𝑀 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑆𝑖
𝑋𝑀 𝑖𝑛 𝑆𝑖−𝑆𝑛 𝑚𝑒𝑙𝑡
) is expected as per the following relationship: 
      ln (
𝑋𝑀 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑆𝑖
𝑋𝑀 𝑖𝑛 𝑆𝑖−𝑆𝑛 𝑚𝑒𝑙𝑡
) =
∆𝐺𝑀
𝑓𝑢𝑠𝑖𝑜𝑛
𝑅𝑇
+ ln (
𝛾𝑀(𝑙)𝑖𝑛 𝑆𝑖−𝑆𝑛 𝑚𝑒𝑙𝑡
0
𝛾𝑀(𝑙)𝑖𝑛 𝑆𝑖−𝑆𝑛 𝑚𝑒𝑙𝑡
0 )  
(4-21) 
where X and γ0 are the mole fraction and the standard activity coefficient of the impurity 
element in the specified phase, respectively. Based on the available thermodynamic data, 
the segregation ratios of impurities between the solid Si and Si-Sn melt were calculated 
[41] in Table 4.3: 
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Table 4.3: Distribution of impurities between solidified silicon and the remaining 
tin-silicon alloy. 
 
The segregation ratio of these impurities while using liquid Al cathode will be lower. 
However, the segregation ratio of the undesirable aluminum is calculated to be 0.12 [42]. 
By controlling the amount of impurity elements in the system through the pre-reduction 
step and exploiting the low impurity segregation coefficients during solidification of the 
Si-Sn alloy, we expect to get bulk growth of SoG Si through directional solidification. The 
final objective is to be able to run the process at 1 A/cm2 to produce 10-100 g of SoG 
silicon by adding necessary silicon oxide to the flux during electrolysis. 
  
Fe Al Ca Ti B P
50-50 < 0.015 < 0.01 < 0.014 < 0.01 < 0.39 < 0.25
5-95 < 0.02 < 0.014 < 0.016 < 0.01 < 0.25 < 0.27
Sn-Si Alloy 
(molar %)
Segregation coefficient of impurties in refined Si
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5 CONCLUSIONS 
5.1 SOM process for Ytterbium production 
In the first part of this work, Yb2O3 was selected as an illustration to demonstrate the 
feasibility of producing rare earth metals directly from their oxides through a SOM 
electrolysis process. In this research, an YSZ tube was used as the SOM membrane in a 
LiF-YbF3-Yb2O3 salt to reduce Yb metal on an inert cathode. After the SOM electrolysis 
experiment, pure Yb metal deposited on the inert cathode was confirmed by SEM/EDS 
results. 
In order to identify a stable fluoride based flux system with a low melting temperature, the 
melting point of the supporting electrolyte (LiF-YbF3-Yb2O3) was determined by DTA. 
The flux system dissolved 11 w% Yb2O3. Before any SOM electrolysis experiments were 
performed, it was confirmed that the YSZ tube used as the SOM membrane was stable in 
the flux system under the same experimental conditions and for the same duration. It was 
deemed necessary to add Yb metal to the flux in order to first convert the YbF3 to YbF2. 
Unless this conversion is complete, the reduced Yb metal is not stable within the molten 
flux (LiF-YbF3-Yb2O3). With the addition of excess Yb, the flux was converted to LiF-
YbF2-Yb2O3 from LiF-YbF3-Yb2O3. Confirmation of this transformation was performed 
using XRD. During the electrolysis experiments, the dissociation potentials of Yb2O3 were 
found to be 1.6 V and 1.5 V, with hydrogen gas and a carbon rod at the anode, respectively. 
Those dissociation measurement results were consistent with theoretical calculations. It 
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was also found that CO (g) evolution could be measured to calculate the current efficiency 
of the SOM process when the carbon rod was used at the anode side.  
Future work can involve measurement of flux conductivity and viscosity, analysis of long-
term YSZ membrane stability, identification of the dissociation potentials of the different 
oxides of Yb, demonstration of the evolution of oxygen gas on an inert anode, measurement 
of the efficiency of long-term electrolysis, and polarization modeling of the SOM 
electrolysis process for designing larger scale reactors. 
 
5.2 SOM process for Silicon production 
In the second part of this work, it was demonstrated that the SOM process is able to produce 
pure silicon directly from silica by combining the SOM electrolysis and refining steps. Tin 
was selected as the liquid cathode to form a liquid alloy with silicon produced through 
SOM electrolysis. Tin also purifies the silicon deposit upon cooling the system; thereby 
combining the refinement and electrolysis in a single step. The presence of high purity 
silicon was confirmed by SEM/EDS.  
It was shown that it is possible to produce pure silicon using BaF2 (76.8 w%)-MgF2 (15.2 
w%)-YF3 (5 w%)-SiO2 (3 w%), with a eutectic melting point of 910 ˚C. During the SOM 
electrolysis, silicon was reduced at the liquid tin cathode and dissolved in liquid tin, 
forming a liquid alloy. Due to the solubility limit in liquid tin at those operating 
temperatures, some major impurities, such as B, could dissolve in liquid tin. Upon cooling, 
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pure silicon crystals precipitated out due to the decreased solubility of silicon in tin along 
with the decreased temperature; at the same time, pre-dissolved impurities, like P, were left 
in tin.  
It was found that YSZ degradation and formation of inner cracks was due to the fact that 
silica dissolved in the flux attacks the SOM membrane and the insufficient YF3 content 
caused yttrium depletion. After a series of systematic YSZ membrane stability tests in static 
conditions with various compositions of SiO2 and YF3, the optimized flux composition was 
proposed to be BaF2 (69.2 w%)-MgF2 (13.8 w%)-YF3 (15 w%)-SiO2 (2 w%). Both fueled 
anode and inert anode were used with optimized flux in SOM electrolysis experiments and 
successfully produced pure silicon. After the SOM electrolysis, the YSZ membrane was 
found intact and no visible degradation or cracks were observed. 
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